The use of albumin in the early resuscitation formula after major burn has been forbidden because of its damaging effect on the gut barrier function. We hypothesize that inhibition of the inducible isoform of nitric oxide synthase to stabilize endothelial permeability and to retain albumin in the vascular space will ameliorate the major trauma-induced gut barrier dysfunction.
S
EVERE BURN injury produces shock and induces acute gastrointestinal tract derangement that may disrupt gastrointestinal tract mucosa integrity and facilitate bacterial translocation (BT) to the mesenteric lymph nodes (MLNs), liver, and spleen. The magnitude of BT is proportional to the severity of the burn injury. 1 Investigations have shown that the mechanism of BT is due to gut mucosa failure after burn trauma and sepsis. 2 These pathophysiological changes may be the result of mesenteric ischemia and reperfusion injury. 3 Gut ischemia and reperfusion can produce distant organ injury, and the process is partly dependent on neutrophils. 4 Nitric oxide (NO) was first introduced in 1980 as an endothelium-derived relaxing factor. 5 It is produced from L-arginine by NO synthase (NOS) in all mammalian cells. The 3 forms of NOS in the intestine include a constitutive enzyme normally found in the endothelium lining, a neurally associated constitutive NOS found in neurons of the enteric nervous system, and an inducible enzyme (iNOS) that produces large amounts of NO. 6 Basal NO production by constitutive NOS is important in minimizing mucosa and microvascular barrier dysfunction associated with reperfusion of the postischemic intestine. 6 Overproduction of NO may contribute to the intestinal injury after the activation of iNOS under the influence of inflamma-tory mediators. 7 Studies suggest that inhibition of NO production is beneficial during endotoxemia or sepsis. 8 Although iNOS inhibition has been known to ameliorate thermal injury-induced barrier failure, 9 its effect in early albumin treatment of thermal injury has not been investigated.
Albumin plays an important role in the circulation by generating the inward oncotic force that counteracts the outward capillary hydrostatic force. Without albumin, plasma volume cannot be maintained and massive interstitial edema will result. 10 In burn shock that reduces effective circulation, albumin and extracellular fluid are rapidly shifted from plasma and sequestered in interstitial fluid. Hypoalbuminemia is an early and consistent finding after thermal injury and is independently associated with gastrointestinal tract dysfunction and increased rates of infectious morbidity. 11 The use of albumin in the clinical setting continues to generate controversies. 12 The report by the Cochrane Collaboration on the use of albumin in critically ill patients found no evidence showing that albumin administration reduced mortality in patients with hypovolemia, burns, or hypoalbuminemia, but there was a strong suggestion that it might increase mortality. 13 Goodwin et al 14 also found that addition of albumin to crystalloid resuscitation fluids produces no long-lasting benefit on total body blood flow and promotes accumulation of lung water when edema fluid is being reabsorbed from the burn wound in burn patients. However, Carvajal and Parks 15 found that using lactated Ringer solution with albumin did not induce edema in unburned tissues, and it seemed optimal for burn resuscitation by restoring cardiac output and maintaining higher serum albumin levels, colloid osmotic pressure levels, and normal serum osmolality in an ovine burn model.
Besides these disputes and the controversies, many questions remain unanswered. First, will early albumin treatment augment thermal injury-induced gut barrier dysfunction? Second, what is the best fluid resuscitation formula to treat acute major burn injury? Third, if thermal injury-induced systemic hyperpermeability could be ameliorated by iNOS inhibitor, can supplemented albumin be retained in the vascular space and reduce the thermal injury-induced gut barrier dysfunction? We hypothesize that inhibition of iNOS to stabilize the endothelial permeability and to retain albumin in the vascular space will ameliorate major trauma-induced gut barrier dysfunction. Therefore, by using a model of thermal injury in rats to elucidate the appropriate use of albumin resuscitation, we studied the changes in intestinal myeloperoxidase (MPO) activity, intestinal permeability, and BT to the MLNs after burn when burned rats were treated with albumin alone or in combination with S-methylisothiourea sulfate. It is hoped that a better protocol of fluid resuscitation in major trauma and thermal injury could be designed.
METHODS

ANIMALS
Specific pathogen-free Sprague-Dawley rats (weight, 200-275 g) were obtained from the National Laboratory Breeding and Research Center, Taipei, Taiwan. Before the experiments, animals were provided standard rat chow and water ad libitum and housed in a temperature-controlled room with a 12-hour light/ dark cycle for at least 1 week. All animal procedures were in compliance with regulations on animals used for experimental and other scientific purposes, approved by the National Sun Yat-Sen University Animal Experiments Committee, Kaohsiung.
EXPERIMENTAL DESIGN
Experiment 1
After the stabilization period, the rats were randomly divided into 1 control group (n=6) and 6 burn groups (n=6 in each) according to the time of saline/albumin administration. The control group was subjected to sham burn, and the burn groups were subjected to a 30% to 35% total body surface area (TBSA) burn injury. All animals received sterile saline for fluid resuscitation right after burn or sham burn. To evaluate the effect of albumin on intestinal neutrophil sequestration and permeability, equal volumes (7.5 mL/kg) of isotonic sodium chloride solution (saline) or human albumin (25% in saline) were given to the burn-saline and burn-albumin groups, respectively, at 0, 4, or 8 hours after burn from the right femoral vein. 16 In the control group, isotonic sodium chloride solution (7.5 mL/kg) was given immediately after the sham burn. All animals were killed at 24 hours after injury, the intestinal mucosa was harvested for MPO assay, MLNs were harvested for BT determination, and midileum tissues were harvested for histological evaluation. The distribution of fluorescein isothiocyanate-dextran (FITC-dextran) across the lumen of small intestine in the rats was measured to assess the intestinal permeability.
Experiment 2
To evaluate the effect of iNOS inhibition on intestinal barrier function and BT after injury, the iNOS-specific inhibitor Smethylisothiourea sulfate dissolved in saline was given to rats intraperitoneally (7.5 mg/kg) immediately after burn (SMT groups). The rats were randomly divided into a sham-SMT group (n=6) and 6 burn-SMT groups (n=6 in each) according to the time of saline or albumin administration (burn-SMT-saline group and burn-SMT-albumin group, respectively) as described in experiment 1. All animals were killed at 24 hours after burn and underwent evaluation for neutrophil sequestration, BT to the MLNs, histological changes, and intestinal permeability.
THERMAL INJURY
The thermal injury procedures were modified from those described by Walker and Mason. 17 The rats were anesthetized with pentobarbital sodium (35 mg/kg) intraperitoneally, and a marked area (mean±SD, 130±15 cm 2 ) of the shaved dorsal skin was exposed from a wooden template and immersed in 95°C water for 10 seconds. This procedure produced a 30% to 35% TBSA burn of the rats. All animals received intraperitoneal saline (7.5 mL/kg) for fluid resuscitation immediately after the burn or sham treatment. The sham-injured control animals were anesthetized, shaved, and maintained in identical settings except that room temperature water was used for immersion.
TISSUE PREPARATION
The animals were weighed and anesthetized with pentobarbital. The MLNs were removed aseptically and cultured for BT as described by Spaeth et al. 18 The small intestine was dis-sected out, opened, and cleaned by washing with isotonic sodium chloride solution. The mucosa of the small intestine was taken by scraping with a glass slide, weighed, and homogenized in 3 volumes of ice-cold 50mM Tris hydrochloride buffer (pH, 7.0) containing 300mM sucrose, 1mM dithiothreitol, 100-µg/mL phenylmethanesulfonyl fluoride, 10-µg/mL leupeptin, 10-µg/mL soybean trypsin inhibitor, and 2-µg/mL aprotinin.
DETERMINATION OF INTESTINAL MUCOSA MPO ACTIVITY
The intestinal mucosa was assayed for MPO activity as an index for neutrophil sequestration. Intestinal mucosa was placed in 50mM potassium phosphate buffer (pH, 6.0) with 0.5% hexadecyltrimethylammonium bromide and homogenized. The homogenate was sonicated on ice and centrifuged at 4°C, 3000g for 30 minutes. The supernatant (0.1 mL) was added to 2.9 mL of 50mM potassium phosphate buffer (pH, 6.0) containing 0.167-mg/mL o-dianisidine and 0.0005% hydrogen peroxide. The rate of change in absorbance at 460 nm was measured for 3 minutes. One unit of MPO activity was defined as the amount of enzyme that reduces 1 mmol of peroxide per minute, and the data were expressed as units per gram of intestinal mucosa.
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QUANTIFICATION OF INTESTINAL PERMEABILITY
The assay of intestinal permeability was modified from the method described by Otamiri et al. 21 A 20-cm segment of the jejunum was dissected with the beginning at 5 cm distal to the ligament of Treitz with well-protected superior mesenteric vessels. The bilateral end of the isolated jejunum was clamped with rubber bands to prevent the leakage of FITC-dextran. One milliliter of 0.1M phosphate buffer saline (pH, 7.2) containing 25 mg of FITC-dextran (molecular weight, 4400; Sigma-Aldrich Corp, St Louis, Mo) was injected into the lumen. After 30 minutes, a blood sample (100 µL) was taken by a puncture of the portal vein and immediately diluted with 1.9 mL of 50mM Tris (pH, 10.3) containing 150mM sodium chloride. The diluted plasma was centrifuged at 4°C, 3000g for 7 minutes, and the supernatant was analyzed for FITC-dextran concentration with a fluorescence spectrophotometer (F-2000; Hitachi Ltd, Tokyo, Japan) at the excitation wavelength of 480 nm and the emission wavelength of 520 nm. Standard curves for calculating the FITC-dextran concentration in the samples were obtained by diluting various amounts of FITC-dextran in a pool of rat plasma, then diluting and centrifuging the standards in the same manner as before measurement.
BT TO THE MLNs
The collected MLNs were weighed and homogenized in 10 volumes of sterile saline. Aliquots (1 mL) of the homogenate from each tissue were plated onto blood agar plates. The plates were examined after aerobic incubation at 37°C for 48 hours. Representative colonies were expressed as colony-forming units (CFU) per gram of organ tissue.
GASTROINTESTINAL TRACT HISTOLOGICAL STUDIES
A longitudinal 1-cm segment of the midileum was harvested from rats in different groups and immersed in 4% formaldehyde solution. The tissue was embedded in paraffin wax, serially sectioned, and stained with hematoxylin-eosin. Intestinal morphological characteristics were evaluated under light microscopy.
STATISTICAL ANALYSIS
All values in the figures are expressed as mean ± SD, and PϽ.05 is considered to be statistically significant. The intestinal mucosa MPO activity, intestinal permeability, and BT between groups were assessed with 1-way analysis of variance, followed by the Scheffé test.
RESULTS
Thermal injury induced significant increases in intestinal mucosa MPO activity, intestinal permeability, and BT to the MLNs in all groups compared with the sham group.
EFFECT OF ALBUMIN, S-METHYLISOTHIOUREA, AND S-METHYLISOTHIOUREA-ALBUMIN ON INTESTINAL PERMEABILITY
Rats receiving sterile saline at 0, 4, or 8 hours after 30% to 35% TBSA thermal injury showed significant 286%, 278%, and 198% increases (PϽ.05), respectively, in intestinal permeability at 24 hours after thermal injury, as measured by FITC-dextran level (Figure 1 ), compared with the sham-injured group (4.21±0.13, 4.12±0.1, and 3.25±0.07 µg/mL, respectively, vs 1.09±0.04 µg/mL). As expected, rats receiving albumin at these times after thermal injury also showed significant 364%, 354%, and 178% increases, respectively, in intestinal permeability after thermal injury compared with the sham-injured group (5.06 ± 0.11, 4.95 ± 0.14, and 3.03 ± 0.1 µg/mL, respectively, vs 1.09± 0.04 µg/mL). Albumin administration at 0 or 4 hours after burn significantly increased 20% of intestinal permeability compared with administration of saline at the respective times. Sham-SMT animals did not show changes in intestinal permeability. The SMT rats that received saline injection at 0, 4, or 8 hours after injury showed significant decreases of 38%, 34%, and 31% (PϽ.05), respectively, in intestinal permeability compared with rats that received only saline at the same times. The SMT rats undergoing albumin administration at 4 or 8 hours after injury showed further and significant decreases of 35% and 52%, respectively, in intestinal permeability compared with SMT-saline rats. Although SMT rats receiving albumin injection at 0 hours after burn showed no difference in intestinal permeability compared with SMT rats receiving no albumin, there was still a 30% decrease in intestinal permeability of SMTalbumin rats compared with albumin rats.
EFFECT OF ALBUMIN, S-METHYLISOTHIOUREA, AND S-METHYLISOTHIOUREA-ALBUMIN ON INTESTINAL NEUTROPHIL ACCUMULATION
Rats receiving sterile saline at 0, 4, or 8 hours after 30% to 35% TBSA thermal injury showed significant 364%, 439%, and 326% increases, respectively, in intestinal neutrophil accumulation as assessed by MPO assay at 24 hours after burn compared with sham-injured rats (Figure 2 ). Rats injected with albumin at the same times after burn enhanced the significant increases in intestinal mucosa MPO activity to 577%, 632%, and 510%, respectively. This means that albumin resuscitation at 0, 4, or 8 hours after burn significantly increased intestinal mucosa MPO activity by 46%, 37%, and 43%, respectively, compared with saline resuscitation, suggesting an adverse effect of albumin supplementation on intestinal neutrophil accumulation after burn. Intraperitoneal injection of Smethylisothiourea to sham-injured animals did not change the intestinal mucosa MPO activities. The SMT rats that received saline at 0, 4, or 8 hours after thermal injury showed significant 57%, 64%, and 69% decreases, respectively, in intestinal mucosa MPO activity compared with the rats that received sterile saline only at the same times. Although only SMT rats that received albumin at 4 hours after injury showed a significant 20% decrease in intestinal mucosa MPO activity compared with SMTsaline rats, there were significant decreases in MPO activities of SMT-albumin rats compared with albumin rats. This finding suggests that S-methylisothiourea administration could eliminate the adverse effect of albumin resuscitation on intestinal neutrophil sequestration after burn.
EFFECT OF ALBUMIN, S-METHYLISOTHIOUREA, AND S-METHYLISOTHIOUREA-ALBUMIN ON BT TO THE MLNs
Sham-injured rats showed no BT to the MLNs (Figure 3) , but rats receiving sterile saline at 0, 4, or 8 hours after burn showed BT to the MLNs (837.5±59.1, 785±46.55, and 697.5 ± 17.08 CFU/g of tissue, respectively) at 24 hours after injury. Rats receiving albumin at the same times after injury showed no significant changes in BT when compared with the saline groups. However, rats receiving saline or albumin at 8 hours after burn significantly decreased 17% or 18% of BT, respectively, compared with rats receiving saline or albumin at 0 hours after burn. The SMT rats that received saline at 0, 4, or 8 hours after thermal injury showed significant decreases in BT to the MLNs (18%, 16%, and 26%, respectively) compared with rats receiving saline only at the same times after burn. In contrast, only SMT rats that received albumin injection at 8 hours after injury showed a dramatic effect with an 88% decrease of BT compared with SMT rats that received saline at the same times. 
HISTOLOGICAL ANALYSIS
The midileum of the rats with 30% to 35% TBSA thermal injury that received saline injection (burn-saline group) ( Figure 4B) showed severe edema and sloughing of the villous tips compared with sham-injured animals ( Figure 4A ). The rats that received albumin after burn (burn-albumin group) showed a more severe decrease in height and more atrophy and edema of the villous tips compared with the burn-saline group ( Figure  4C ). The rats that received SMT immediately after burn and saline injection (burn-SMT-saline group) showed less edema and sloughing of the villous tips compared with the burn-saline group ( Figure 4D ). The rats that received SMT immediately after burn and albumin injection (burn-SMT-albumin group) showed an even more normal appearance of intestinal mucosa compared with the burn-SMT-saline group ( Figure 4E ).
COMMENT
Burn injury induces immune suppression and increases the susceptibility to infection. The potential cause of sepsis and subsequent multiple-organ failure after thermal injury has been proposed to be the failure of intestinal mucosa to act as a barrier against BT. Neutrophil deposition in tissues (leu- kosequestration) after shock may produce local tissue injury from proteases and high-energy oxygen species released from sequestered neutrophils. 16, 19 An absence of neutrophils prevents the loss of intestinal vascular barrier properties only in the initial periods after thermal injury. 20 Increased intestinal epithelial permeability is considered to be a quantitative index of injury or dysfunction of the intestinal mucosal barrier. Thermal injury is associated with mesenteric vasoconstriction that leads to damage of the gut mucosa and dysfunction of the gut barrier, resulting in an increased gut permeability and absorption of bacteria and bacterial toxins. 22 Our data demonstrated that 30% to 35% TBSA thermal injury induced neutrophil infiltration in intestinal mucosa, intestinal hyperpermeability, and BT to the MLNs in rats.
Thermal injury leads to a transient capillary leak that recovers exponentially in about 24 hours and peaks between 3 and 6 hours after burn. 23 Although many thousands of burn patients have been saved after the use of fluid resuscitation since early 1950s, the resuscitation formula used has been disputed. The Mount Vernon formula, consisting of colloid-based resuscitation, was mostly used in the burn centers in Great Britain, and the Parkland formula, consisting of crystalloid-based resuscitation, was used in the burn centers in the United States and the rest of the world to treat patients with major burns in the first 24 hours after burn. The effect of albumin treatment on gut neutrophil sequestration and barrier function after burn is still not clear. Sheridan et al 24 found that hypoalbuminemia, defined as a plasma albumin level of 1.0 to 2.5 g/dL, does not have adverse effects on gut function in children with greater than 40% TBSA burns during the initial 4 weeks of care. O'Brien et al 11 studied the effects of human albumin resuscitation on burninduced immunosuppression, BT, and absorption of gut endotoxin in rats with 20% TBSA scald burn injury and found that animals resuscitated with albumin experienced similar degrees of BT compared with those without albumin supplement. However, burn surgeons consider albumin resuscitation to be unnecessary in the first 24 hours, as albumin will leak from the capillaries of the burned and unburned tissue into the extravascular space and increase the edema. Experiments also showed that restoration and maintenance of plasma protein content is not effective until 8 hours after burn. 25 Our data showed that early albumin supplementation at 0, 4, or 8 hours after 30% to 35% TBSA burn markedly increased neutrophil sequestration in intestinal mucosa. However, only albumin supplementation at 0 or 4 hours after thermal injury aggravated the increase in intestinal permeability. The deteriorating effect of early albumin treatment on gut barrier function was confirmed by histological findings of a more severe decrease in height and of atrophy and edema of the villi in the burn-albumin group compared with the burn-saline group. Therefore, albumin supplementation within the first 8 hours after thermal injury is harmful to the gut barrier function in our model.
It is known that NO produced by iNOS plays an important role in the changes in systemic and pulmonary microvascular permeability in combined smoke inhalation and third-degree burn injury. 26 Also, lipopolysaccharide-induced increased vascular permeability is known to be mediated by the NO that is produced by iNOS. 27 Arkovitz et al 28 had shown that S-methylisothiourea administration could prevent lipopolysaccharide-induced vascular leakage in the lung. In the present study, burned rats injected with a single intraperioneal bolus of Smethylisothiourea sulfate (7.5 mg/kg) immediately after injury and supplemented with albumin at 8 hours after burn showed significantly improved intestinal neutrophil sequestration, intestinal hyperpermeability, and BT. These observations suggest that albumin has significant beneficial effects on the improvement of thermal injury-induced intestinal dysfunction in rats as long as iNOS activity is suppressed immediately after burn. The beneficial effects of albumin use are less profound if the time interval between albumin resuscitation and S-methylisothiourea injection is shortened. Our results show that inhibition of iNOS stabilizes the microvascular permeability to keep the albumin in the intravascular space and reverses the effects of albumin on thermal injury-induced gut barrier dysfunction from deterioration to amelioration. Retention of albumin in the vessel by the iNOS inhibition generated the inward oncotic force and stabilized the hemodynamic change in gut vasculature; otherwise, massive interstitial edema and neutrophil infiltration would result. In addition, use of albumin in S-methylisothiourea-treated burned rats decreased intestinal neutrophil accumulation, intestinal permeability, and BT and prevented thermal injury-induced villi edema and epithelial cell sloughing. Previously, our group showed that injection of intraperitoneal S-methylisothiourea sulfate (5 mg/kg every 12 hours for 2 days) could suppress intestinal mucosa iNOS activity, thermal injuryinduced intestinal permeability increase, and BT. 9 In the present study, by using the synergistic effect of iNOS inhibition and albumin, we demonstrated that thermal injury-induced gut barrier dysfunction could be prevented. Clinical burn treatment suggests that albumin supplementation should not begin until 16 hours after burn, because early albumin treatment will increase fluid leakage and edema. From our results, early albumin resuscitation in patients with major burn could be helpful if iNOS is inhibited as early as possible after burn. This use of iNOS inhibition and albumin in fluid resuscitation might change the fluid resuscitation protocol and decrease the mortality rate in patients with major burn.
Collectively, thermal injury induces intestinal mucosa neutrophil deposition, intestinal permeability, BT, and villi sloughing. Restoration of extracellular fluid in early burn shock with albumin supplementation augments the intestinal damage. Inhibition of iNOS before albumin supplementation decreases intestinal mucosa neutrophil infiltration, permeability, and BT and reverses albumin's effects on burn-induced gut barrier dysfunction from damaging to beneficial. Albumin's beneficial effects may be a result of the prevention of permeability increase induced by thermal injury and the consequent retention of albumin in plasma during albumin resuscitation.
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